South Korea greatly depends upon foreign countries to fulfill its energy requirements, and therefore imports billions of barrels of oil every year. For instance, 94.8% of the total primary energy supply (TPES) was imported from other countries in 2015, at the cost of 91.51 billion euros. There is a realistic challenge in front of the government to reduce these oil imports, and to find alternate (local) sources of energy. Renewable energy (RE) technologies can play a vital role in this regard. The South Korean government has shown a great interest in RE, and intends to achieve a target of 11% of the TPES being generated by RE by the end of 2035, as decided in the Korean Renewable Portfolio Standard (RPS); which showed that only 4.9% of TPES was produced by RE at the end of 2015. The present study proposes ten potential onshore wind farm sites. These locations have been identified by using the GIS-MCDM (geographic information system-multi-criteria decision-making) methodology and a detailed techno-economic assessment has also been presented. Furthermore, the appropriate type of wind turbines has been recommended for each site using detailed analysis of wind conditions, 50-year extreme wind speed (EWS) and turbulence intensity (TI). The analysis showed that all the sites have excellent wind conditions, and they are also economically feasible. Parameters such as AEP (annual energy production), CF (capacity factor), LCOE (levelized cost of electricity), and NPV (net present value) have been estimated for each site, using five different wind turbines manufactured in South Korea. The present study can be very useful for the wind energy sector in South Korea.
Introduction
Proposed South Korean wind energy project studies range from very localized studies to projects that evaluate all South Korea. Renewable energy sources such as wind and solar energy are promising solutions and studied for the potential replacement of fossil fuels which have long-term consequences and are not sustainable for South Korea. Although the energy density of fossil fuels is much higher than that of renewable energy, due to zero carbon emissions, renewable energy sources are the desirable choice as alternative fuels. Over recent decades the global capacity of installed wind farms has increased rapidly. Many governments are focusing on green energy sources, such as wind power, to reduce their greenhouse gas (GHG) emissions [1] .
South Korea started to increase its wind capacity during the early 1990s. In 1992, the first commercial wind turbine, with a 0.25 GW capacity, was installed on Jeju Island and was connected to the national grid. A wind farm was planned and built in Yeongdeok in 2005, and was the largest in three phases by South Korean companies, led by KEPCO. The first stage of the project, the construction of a 100 MW demonstration wind farm, was initiated in 2011 and completed in 2014. Wind turbines with capacities of 3 MW to 7 MW will be installed and the cost of wind turbines is expected to be 314 million euros. Doosan is the main supplier of the wind turbines for this project. Figure 1 shows the mean wind speed at 40 m above ground level in South Korea [19] . The wind speed is relatively higher in the coastal areas of the country, as shown in Figure 1 . [19] . Mean wind speed at 40 m above ground level in South Korea [19] .
Initially, the South Korean government announced a feed-in-tariff (FIT) system to regulate the share of new and renewable energy (NRE) technologies in total primary energy supply (TPES). However, this system was only valid until 2011, and it was abandoned after that date due to economic reasons. Then in 2012, FIT was replaced by a modern and state-of-the-art plan for renewable energy called the renewable portfolio standard (RPS). According to this new system, the share of the renewable energy was set to be 11% of TPES at the end of 2035, as announced in the 2nd Energy Meeting, held on 19th September, 2014 under the 4th Basic Plan for NRE. The exact share of the renewables in TPES, according to different years, can be found in Figure 2 . More details about the RPS and its connection with the energy policy of South Korea can be found here [20, 21] . Figure 3 shows the target fractions of different NRE technologies for upcoming years as dictated in the RPS. The government plans to reduce the high percentage of waste (biomass), while increasing the percentages of wind and geothermal resources in upcoming years. In fact, the Ministry of Trade, Industry, and Energy announced that incentives for wind farm operators will be increased, and subsidies for biomass producers will be reduced, thus promoting more eco-friendly energy sources.
(a) (b) Figure 3 shows the target fractions of different NRE technologies for upcoming years as dictated in the RPS. The government plans to reduce the high percentage of waste (biomass), while increasing the percentages of wind and geothermal resources in upcoming years. In fact, the Ministry of Trade, Industry, and Energy announced that incentives for wind farm operators will be increased, and subsidies for biomass producers will be reduced, thus promoting more eco-friendly energy sources.
As stated in Figure 2 , at the end of 2020, NRE supply of TPES will be 5%, out of which 15.6% share must be of wind energy, as shown in Figure 3c (it corresponds to 0.78% of TPES at the end of 2020). Therefore, there is always an urgent need to build new wind farms. Currently, there are total 80 wind farm sites (both onshore and offshore) in South Korea as of 2016. Table 1 provides a summary of currently operating wind farms in the country. Figure 3 shows the target fractions of different NRE technologies for upcoming years as dictated in the RPS. The government plans to reduce the high percentage of waste (biomass), while increasing the percentages of wind and geothermal resources in upcoming years. In fact, the Ministry of Trade, Industry, and Energy announced that incentives for wind farm operators will be increased, and subsidies for biomass producers will be reduced, thus promoting more eco-friendly energy sources. As stated in Figure 2 , at the end of 2020, NRE supply of TPES will be 5%, out of which 15.6% share must be of wind energy, as shown in Figure 3c (it corresponds to 0.78% of TPES at the end of 2020). Therefore, there is always an urgent need to build new wind farms. Currently, there are total 80 wind farm sites (both onshore and offshore) in South Korea as of 2016. Table 1 provides a summary of currently operating wind farms in the country. In the present study, new onshore wind farm sites selected in South Korea have been proposed based on a comprehensive techno-economic analysis. The sites were located by a GIS-MCDM (geographic information system-multi-criteria decision-making) method and detailed technoeconomic assessment has been performed for the selected sites. The main focus of the current work is to determine the right type of wind turbines for each site considering local wind conditions, EWS and turbulence intensity (TI). Selection of wind turbine is the most fundamental and vital step of wind farm design process, as determining the optimal and best-suited wind turbine will ensure maximum profits and electricity yields. International electrotechnical commission (IEC) has provided its guidelines to select wind turbines for wind farms and the same methodology will be adopted in the current study. According to the IEC, analyzing the local wind conditions and estimation of EWS and TI are the main pre-requisites for selecting the appropriate type of wind turbine for any wind farm site. Section 2 will provide all the essential details about wind conditions, EWS, TI, and selected In the present study, new onshore wind farm sites selected in South Korea have been proposed based on a comprehensive techno-economic analysis. The sites were located by a GIS-MCDM (geographic information system-multi-criteria decision-making) method and detailed techno-economic assessment has been performed for the selected sites. The main focus of the current work is to determine the right type of wind turbines for each site considering local wind conditions, EWS and turbulence intensity (TI). Selection of wind turbine is the most fundamental and vital step of wind farm design process, as determining the optimal and best-suited wind turbine will ensure maximum profits and electricity yields. International electrotechnical commission (IEC) has provided its guidelines to select wind turbines for wind farms and the same methodology will be adopted in the current study. According to the IEC, analyzing the local wind conditions and estimation of EWS and TI are the main pre-requisites for selecting the appropriate type of wind turbine for any wind farm site. Section 2 will provide all the essential details about wind conditions, EWS, TI, and selected wind turbines. 
Selection of Wind Turbines for Newly Proposed Wind Farm Sites

The Wind Farm Sites and Local Wind Potential
To determine the promising onshore wind farm sites in South Korea, ten sites are determined using previous research results [22] . Table 2 provides all the essential information about the ten sites proposed in the present study. To estimate the wind potential and analyze the wind conditions at each proposed site, wind data was obtained from the Korean Meteorological Administration (KMA) website [24] . The wind data were collected at a height of 10 m at 10-min intervals for 17 consecutive years (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) at all ten sites. The KMA allows access to these data sets only for research and development (R&D) purposes, and permission was given by the KMA to use this data in the current research.
A wind rose is a diagram that describes the wind conditions at a particular site. Wind rose diagrams were prepared for all sites and are presented in Figure 5 . Most of the sites have WPD in a range of 600 W/m 2 to 900 W/m 2 except sites 8, 9, and 10, where WPD can reach up to 1000 W/m 2 (excellent wind conditions at 10-m height). Similarly, it can be seen in Figure 5 that there are two prevailing wind directions, northeast and southwest (0° is considered to be north). It is crucial to determine wind direction, as it can affect the power production of a wind turbine (especially horizontal wind turbines). In this way, the power production of a wind farm can be optimized. To estimate the wind potential and analyze the wind conditions at each proposed site, wind data was obtained from the Korean Meteorological Administration (KMA) website [24] . The wind data were collected at a height of 10 m at 10-min intervals for 17 consecutive years (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) at all ten sites. The KMA allows access to these data sets only for research and development (R&D) purposes, and permission was given by the KMA to use this data in the current research.
A wind rose is a diagram that describes the wind conditions at a particular site. Wind rose diagrams were prepared for all sites and are presented in Figure 5 . Most of the sites have WPD in a range of 600 W/m 2 to 900 W/m 2 except sites 8, 9, and 10, where WPD can reach up to 1000 W/m 2 (excellent wind conditions at 10-m height). Similarly, it can be seen in Figure 5 that there are two prevailing wind directions, northeast and southwest (0 • is considered to be north). It is crucial to Energies 2019, 12, 3140 6 of 22 determine wind direction, as it can affect the power production of a wind turbine (especially horizontal wind turbines). In this way, the power production of a wind farm can be optimized. Figure 6 show the percentage frequency of different wind speeds at 90 m height (typical hub height of wind turbine). As shown in the figures, the most frequently occurring wind speeds are in the range of 6 m/s to 13 m/s at all sites. It is also critical to determine the range of frequently occurring wind speeds, so that the right type of wind turbines can be installed at each location. Therefore, any wind turbines with cut-in and cut-out wind speeds corresponding to 4 m/s and 15 m/s, respectively, would be ideal for the proposed wind farm sites. Figure 6 show the percentage frequency of different wind speeds at 90 m height (typical hub height of wind turbine). As shown in the figures, the most frequently occurring wind speeds are in the range of 6 m/s to 13 m/s at all sites. It is also critical to determine the range of frequently occurring wind speeds, so that the right type of wind turbines can be installed at each location. Therefore, any wind turbines with cut-in and cut-out wind speeds corresponding to 4 m/s and 15 m/s, respectively, would be ideal for the proposed wind farm sites. Figure 6 show the percentage frequency of different wind speeds at 90 m height (typical hub height of wind turbine). As shown in the figures, the most frequently occurring wind speeds are in the range of 6 m/s to 13 m/s at all sites. It is also critical to determine the range of frequently occurring wind speeds, so that the right type of wind turbines can be installed at each location. Therefore, any wind turbines with cut-in and cut-out wind speeds corresponding to 4 m/s and 15 m/s, respectively, would be ideal for the proposed wind farm sites. Weibull-shape parameter (k) and scale factor (c) are two of the most important parameters that need to be estimated when analyzing wind energy potential. Both can be calculated by following the equations:
(1 ≤ ≤ 10)
(1)
where is the standard deviation in wind speed, vm is mean wind speed, and is gamma function. Similarly, the other two important parameters are wind speed with most chance of occurring (vmp) and maximum energy-carrying wind speeds (vmax.E). Table 3 summarizes the important statistical parameters for all ten sites calculated at 90 m height. Mean wind speeds are highest (9.82 m/s) at Site 8, and lowest (7.48 m/s) at Site 7. Table 3 also shows the EWS occurring at each site, and the year of the EWS occurrence. Accurate estimations of the EWS are critical from the viewpoint of the safety of the wind turbine, as very high values may break the wind turbine. Most probable wind speed (Vmp) is very similar in Table 3 and in Figure 6 for each site. As shown in Table 3 , out of the ten sites, seven are IEC class 7 (highest wind class), two sites are IEC class 6, and the remaining one is IEC class 5. Weibull-shape parameter (k) and scale factor (c) are two of the most important parameters that need to be estimated when analyzing wind energy potential. Both can be calculated by following the equations:
where σ is the standard deviation in wind speed, v m is mean wind speed, and Γ is gamma function. Similarly, the other two important parameters are wind speed with most chance of occurring (v mp ) and maximum energy-carrying wind speeds (v max.E ). Table 3 also shows the EWS occurring at each site, and the year of the EWS occurrence. Accurate estimations of the EWS are critical from the viewpoint of the safety of the wind turbine, as very high values may break the wind turbine. Most probable wind speed (V mp ) is very similar in Table 3 and in Figure 6 for each site. As shown in Table 3 , out of the ten sites, seven are IEC class 7 (highest wind class), two sites are IEC class 6, and the remaining one is IEC class 5.
Estimation of Extreme Wind Speed (EWS)
IEC has defined wind turbine classes based on wind conditions, especially 50-year return gust wind speed, which is the maximum wind speed occurring during a 50-year time period. Table 4 shows the wind turbine classes as categorized by IEC (IEC regulation 61400-1). Extreme wind speed was calculated using the theorem of Von Mises (1936) and it is explained in Equation (5) in which "t" is time in years [25] .
In Equation (5), β is termed as location factor (y-intercept of Gumbel plot) whereas α is called the scale factor (slope of Gumbel plot), respectively.
To plot Figure 7 , Equations (6)-(8) can be used which use parameter "x" as measured EWS, estimated using real measured wind data, and parameter "y" is Gumbel reduced variate (GRV). 
To plot Figure 7 , Equations (6)-(8) can be used which use parameter "x" as measured EWS, estimated using real measured wind data, and parameter "y" is Gumbel reduced variate (GRV).
= 1 1 − ( )
In Equation (8), F(x) is the chance of occurring EWS within given time period and it can be calculated using the real measured wind data by adopting the Von Mises theorem as stated above. Figure 7 shows the estimated 50-year EWS determined using Von Mises algorithm at all ten locations. It is clear from this figure that all ten locations have very low 50-year return gust, so according to Table 4 , all wind turbine classes are suitable for each site. 
Estimation of Turbulence Intensity (TI)
The second very important parameter when selecting a suitable wind turbine is TI, which is defined as the ratio between standard deviation (SD) in measured wind speed and mean wind speed. TI determines the sub-class (A, B, and C) of the wind turbine, which is critical from a safety point of view. Figure 8 shows the TI ranges according to measured wind speed as declared by IEC. In Equation (8), F(x) is the chance of occurring EWS within given time period and it can be calculated using the real measured wind data by adopting the Von Mises theorem as stated above. Figure 7 shows the estimated 50-year EWS determined using Von Mises algorithm at all ten locations. It is clear from this figure that all ten locations have very low 50-year return gust, so according to Table 4 , all wind turbine classes are suitable for each site.
The second very important parameter when selecting a suitable wind turbine is TI, which is defined as the ratio between standard deviation (SD) in measured wind speed and mean wind speed. TI determines the sub-class (A, B, and C) of the wind turbine, which is critical from a safety point of view. Figure 8 shows the TI ranges according to measured wind speed as declared by IEC. Figure 9 shows the calculated TI at different wind speeds at all ten locations. It is apparent from Figure 9 that all sub-classes of wind turbines are suitable for all ten sites as TI is significantly lower than prescribed by IEC as mentioned in Figure 8 . 
The Selected Wind Turbines
To perform a techno-economic analysis, five wind turbines were shortlisted, and their power curves are shown in Figure 10 . All five wind turbines meet all the essential criteria, such as EWS and TI, as mentioned above. The main reason for selecting these wind turbines is the fact that they are manufactured by South Korean companies, so the overall cost of the wind turbine will be comparatively less. Figure 9 shows the calculated TI at different wind speeds at all ten locations. It is apparent from Figure 9 that all sub-classes of wind turbines are suitable for all ten sites as TI is significantly lower than prescribed by IEC as mentioned in Figure 8 . Figure 9 shows the calculated TI at different wind speeds at all ten locations. It is apparent from Figure 9 that all sub-classes of wind turbines are suitable for all ten sites as TI is significantly lower than prescribed by IEC as mentioned in Figure 8 . 
To perform a techno-economic analysis, five wind turbines were shortlisted, and their power curves are shown in Figure 10 . All five wind turbines meet all the essential criteria, such as EWS and TI, as mentioned above. The main reason for selecting these wind turbines is the fact that they are manufactured by South Korean companies, so the overall cost of the wind turbine will be comparatively less. 
To perform a techno-economic analysis, five wind turbines were shortlisted, and their power curves are shown in Figure 10 . All five wind turbines meet all the essential criteria, such as EWS and TI, as mentioned above. The main reason for selecting these wind turbines is the fact that they are manufactured by South Korean companies, so the overall cost of the wind turbine will be comparatively less. Table 5 shows the characteristics of wind turbines shortlisted for current study. All these machines have very low transportation and maintenance expenditures because of the fact that they are produced in South Korea. The names of all wind turbine models use same conventions i.e., "wind turbine model rotor diameter/rated power". For example, wind turbine WinDS 91.3/3000 means that this wind turbine has rotor diameter of 91.3 m and 3000 kW as rated power. 
Results and Discussion
Economic and Technical Methodology
The average power generated by wind turbine can be theoretically determined using the following equation.
In Equation (9), the power curve of each wind turbine is represented by P t (v) whereas f(v) represents Weibull probability density function. Equation (9) can be expanded into the following equation to calculate the power produced by a wind turbine [25] .
Finally, Equation (10) was used to estimate the annual energy production and capacity factor for each wind turbine as follows. AEP = P ave × t (11)
It is important to mention that all the calculations were carried out with 3% grid losses, 1% transformer losses, 6% wake losses, and turbine availability was taken as 95% [25] .
Generally used economic parameters to evaluate a wind project are net present value (NPV) and levelized cost of electricity (LCOE).
The cost of the wind turbine, C wT (k€) can be estimated using Equation (13) [25] :
where P R is the rated power of wind turbine in MW. NPV is defined as follows:
where "t" represents time period in years, "n" is lifespan of project which is taken as 20 years, and "r" is interest rate in percentage, B t represents benefits, and C t represent all types of costs which are majorly divided into two groups, i.e., capital cost and annually occurring operating and maintenance (O&M) costs. Capital costs are the price of the wind turbine itself and price of constructing the tower including transportation and installation, which are taken as 30% of the initial investment price of the wind turbine [25] . The rest of the categories of capital cost have been ignored. Annually occurring expenditures include annual operating and maintenance cost (considered to be 5% of total price of a wind turbine) and annual tax on earnings from selling the electricity. Net present value must always be larger than zero. LCOE (€/kWh) is simply the net present cost to produce a unit of electricity considering the entire life of wind farm project. Equation (15) can be used to determine LCOE [25] . (Note: The definitions of all the symbols used in Equation (15) are explained in "Nomenclature").
Technical Analysis of Newly Proposed Sites
One of the most obvious and primary goals of designing a wind farm is to maximize net energy production. Here the word "net" specifies the final electricity production of the wind farm, which means that all loss types (grid losses, wake losses, transmission losses, etc.) have already been considered. Similar estimations of the net energy production were also made on a monthly basis in the current study and the results are summarized in Figure 11 . including transportation and installation, which are taken as 30% of the initial investment price of the wind turbine [25] . The rest of the categories of capital cost have been ignored. Annually occurring expenditures include annual operating and maintenance cost (considered to be 5% of total price of a wind turbine) and annual tax on earnings from selling the electricity. Net present value must always be larger than zero. LCOE (€/kWh) is simply the net present cost to produce a unit of electricity considering the entire life of wind farm project. Equation (15) can be used to determine LCOE [25] . (Note: The definitions of all the symbols used in Equation (15) are explained in "Nomenclature").
One of the most obvious and primary goals of designing a wind farm is to maximize net energy production. Here the word "net" specifies the final electricity production of the wind farm, which means that all loss types (grid losses, wake losses, transmission losses, etc.) have already been considered. Similar estimations of the net energy production were also made on a monthly basis in the current study and the results are summarized in Figure 11 .
Summer (June-August) is the least "windy" season in South Korea, and therefore net energy production is relatively lower, as compared to other seasons. From Figure 11 , it is apparent that the wind turbine model WinDS 91.3/3000 is the most suitable choice according to current scenario. Out of all combinations of wind turbines and sites, the maximum net AEP, up to 249 GWh, can be reached by installing WinDS 91.3/3000 at site 8. If WinDS 91.3/3000 would be installed at all ten sites simultaneously, then 2283.395 GWh of total net energy could be produced annually. Table 6 summarizes the net annual electricity production at each site using all five wind turbines. It is apparent from Table 6 that WindDS 91.3/3000 is the best wind turbine model for each site based on annual electricity production. However, further economic analysis should be carried out to determine the right type of wind turbine for each site. Summer (June-August) is the least "windy" season in South Korea, and therefore net energy production is relatively lower, as compared to other seasons. From Figure 11 , it is apparent that the wind turbine model WinDS 91.3/3000 is the most suitable choice according to current scenario. Out of all combinations of wind turbines and sites, the maximum net AEP, up to 249 GWh, can be reached by installing WinDS 91.3/3000 at site 8. If WinDS 91.3/3000 would be installed at all ten sites simultaneously, then 2283.395 GWh of total net energy could be produced annually. Table 6 summarizes the net annual electricity production at each site using all five wind turbines. It is apparent from Table 6 that WindDS 91.3/3000 is the best wind turbine model for each site based on annual electricity production. However, further economic analysis should be carried out to determine the right type of wind turbine for each site. Another very important technical parameter related to wind energy is the CF. CF is the ratio of the average energy produced by the wind turbine in comparison to its rated capacity. Figure 12 shows the variation of the CF monthly for all wind turbines only for selected sites. Wind turbine model HJWT 87/2000 is be the best choice for all wind farm sites when considering the mean values of CF. Although the CF is of critical importance, it never takes precedence over net AEP, as the maximum energy production is the ultimate goal of any wind farm developer. Another very important technical parameter related to wind energy is the CF. CF is the ratio of the average energy produced by the wind turbine in comparison to its rated capacity. Figure 12 shows the variation of the CF monthly for all wind turbines only for selected sites. Wind turbine model HJWT 87/2000 is be the best choice for all wind farm sites when considering the mean values of CF. Although the CF is of critical importance, it never takes precedence over net AEP, as the maximum energy production is the ultimate goal of any wind farm developer. 
Economic Analysis of Newly Proposed Sites
The economic analysis of newly proposed sites is equally important to the technical analysis, because if a site is not economically feasible, then there is no reason to build that wind farm. For economic analysis, there are two important parameters: the LCOE and NPV. As shown in Figure 13 
The economic analysis of newly proposed sites is equally important to the technical analysis, because if a site is not economically feasible, then there is no reason to build that wind farm. For economic analysis, there are two important parameters: the LCOE and NPV. As shown in Figure 13 Figure 14 presents the conclusions based upon the analysis of NPV. NPV is simply the difference between all benefits and costs occurring over the entire lifespan of the project (20 years is considered here), when estimated from the start of the project. Therefore, NPV must be greater than zero for the acceptance of a project. It is clear from Figure 14 that NPV is negative for wind turbine model STX Figure 14 presents the conclusions based upon the analysis of NPV. NPV is simply the difference between all benefits and costs occurring over the entire lifespan of the project (20 years is considered here), when estimated from the start of the project. Therefore, NPV must be greater than zero for the acceptance of a project. It is clear from Figure 14 that NPV is negative for wind turbine model STX 72/2000 at most of the wind farm sites. Therefore, this wind turbine model should not be recommended for installation. It should be noted that at Site 7 NPV is negative for WinDS 91.3/3000 during most months, but at the same time net AEP is also a maximum at some of those times for WinDS 91.3/3000. Therefore, it is really a difficult situation for wind farm developers when choosing WinDS 91.3/3000 for Site 7 due to contradictory conclusions of the analyses of NPV and AEP. The main reason behind this phenomenon is that WinDS 91.3/3000 has relatively highly rated power and energy conversion efficiency, so its net AEP is maximum; but, at the same time, it is the most expensive wind turbine as well, so that its NPV is negative for Site 7. From the above discussion concerning AEP, CF, LCOE, and NPV it is clear that two wind turbine models are generally recommended for all ten sites-WinDS 91.3/3000 and HJWT 87/2000. However, for Site 7, there is a contradiction between highest net AEP and negative NPV resulting from the application of WinDS 91.3/3000. When contradictory conclusions are obtained, the appropriate wind turbine choice may need further analysis to reach a conclusion as to suitability for each site.
Limitations and Constraints of Current Techno-Economic Model
Although the results discussed above have high levels of accuracy, there are some limitations and constraints. For example, the total number of wind turbines and their exact positions within a wind farm were not mentioned here because of limited knowledge of geographical information on each wind farm site. To determine total number of wind turbines best suited for a proposed wind farm site, a lot of other information, such as complex wake models, rotor diameter, soil characteristics, and exact positioning of each wind turbine, must be determined simultaneously.
Equation (13) used for estimating the cost of wind turbines was originally used for offshore wind turbines, but the current study has used it for onshore wind turbines. The hub height of each wind turbine was considered to be 90 m to simplify the calculations but this is not a practical scenario as each wind turbine has a different hub height which can lead to different energy production than in the current case. It is noted that the interest rate used for the present techno-economic model is fixed to only one value of 6%, although economic effects vary with interest rates.
Conclusions
This study is concerned about the wind energy in South Korea, where most of the energy is imported from other countries in the form of crude oil (94.8% of TPES was imported in 2015). The main focus of the paper is to suggest suitable wind turbines for ten future onshore wind farm sites with great wind energy potential. Additionally, a detailed techno-economic assessment for each site is included. From the above discussion concerning AEP, CF, LCOE, and NPV it is clear that two wind turbine models are generally recommended for all ten sites-WinDS 91.3/3000 and HJWT 87/2000. However, for Site 7, there is a contradiction between highest net AEP and negative NPV resulting from the application of WinDS 91.3/3000. When contradictory conclusions are obtained, the appropriate wind turbine choice may need further analysis to reach a conclusion as to suitability for each site.
Limitations and Constraints of Current Techno-Economic Model
Conclusions
This study is concerned about the wind energy in South Korea, where most of the energy is imported from other countries in the form of crude oil (94.8% of TPES was imported in 2015). The main Energies 2019, 12, 3140 20 of 22 focus of the paper is to suggest suitable wind turbines for ten future onshore wind farm sites with great wind energy potential. Additionally, a detailed techno-economic assessment for each site is included.
South Korea produced 1342.4 GWh of electricity through wind during 2015 (0.041% of TPES in 2015) and similarly, this amount was 1683.1 GWh for 2016 (0.049% of TPES in 2016). However, according to RPS, the government intends to increase this fraction up to 0.78% by the end of 2020. Therefore, there is an urgent need to locate new wind farm sites that can host future wind farms. The current study provides ten new potential onshore wind farm sites to address the increasing demand for new energy sources to replace existing fossil fuel imports.
Although the current study does not provide any information about the exact electricity-generation capacity of any of the ten locations, it can surely lead the way for other researchers and government officials for further investigations.
The analysis showed that highest value of mean wind speed was 9.82 m/s at a site located at 37.19 • N, 129.22 • E, whereas lowest mean wind speed was 7.48 m/s at site located at 35.64 • N, 127.72 • E. All wind speeds were measured at a height of 10 m. Out of the ten sites, seven sites were classified as IEC wind class 7 (the highest IEC wind class), two were IEC class 6, and one was IEC class 5. Generally speaking, at most of the sites the prevailing wind directions were either northeast or southwest. Techno-economic results were prepared using five wind turbine models manufactured domestically. The maximum AEP can be achieved (up to a value of 250 GWh) by installing wind turbine model WinDS 91.3/3000 at the site located at 37.19 • N, 129.22 • E. However, the wind turbine model HJWT 87/2000 is recommended for all sites, based on achieving maximum CF. Similarly, an economic analysis was also performed, which is equally important to technical analysis. All the combinations of wind turbines and wind farm sites revealed that the minimum value of LCOE can be as low as 0.0457 €/kWh (60 KRW/kWh based upon the exchange rate of 1 € = 1306 kw). All wind turbine models can produce a positive value of NPV, except STX 72/2000, when installed at six sites out of ten sites. Therefore, apart from STX 72/2000, all other wind turbine models can feasibly be installed at the proposed wind farm sites. The maximum value of NPV ( 
